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Abstract. Recent theoretical yields and chemical evolution models demonstrate that intermediate- mass AGB stars 
cannot reproduce the observed abundance distributions of O, Na, Mg, and Al. As a further observational test of 
this finding, we present elemental abundance ratios [X/Fe] for 20 elements in 38 bright giants of the globular cluster 
NGC 6752 based on high-resolution, high signal-to-noise spectra obtained with UVES on the VLT. This is the most 
complete spectroscopic analysis of this cluster in terms of the number of elements considered and the number of 
stars in the sample. The stars span more than 1000K in effective temperature and more than 3 visual magnitudes 
along the red giant branch. None of the abundance ratios [X/Fe] show a correlation with evolutionary status. For 
Si and heavier elements, the small scatter in [X/Fe] may be attributable to the measurement uncertainties. Our 
mean abundance ratios [X/Fe] are in good agreement with previous studies of this cluster and are also consistent 
with other globular clusters and field stars at the same metallicity. The mean abundance ratios [Ba/Eu] and 
[La/Eu] exhibit values, in agreement with field stars at the same metallicity, that lie approximately midway 
between the pure r-process and the solar (s-process + r-process) mix, indicating that AGB stars have played a 
role in the chemical evolution of the proto-cluster gas. 

For the first time, we find possible evidence for an abundance variation for elements heavier than Al in this 
cluster. We find a correlation between [Si/Fe] and [Al/Fe] which is consistent with the abundance anomalies being 
synthesized via proton captures at high temperatures. Leakage from the Mg-Al chain into 28 Si may explain the Si 
excess in stars with the highest [Al/Fe]. We identify correlations between [Y/Fe] and [Al/Fe], [Zr/Fe] and [Al/Fe], 
and [Ba/Fe] and [Al/Fe] suggesting that Y, Zr, and Ba abundances may increase by about 0.1 dex as Al increases 
by about 1.3 dex. While the correlations are statistically significant, the amplitudes of the variations are small. 
If the small variations in Y, Zr, and Ba are indeed real, then the synthesis of the Al anomalies must have taken 
place within an unknown class of stars that also ran the s-process. 

Key words, globular clusters: general, globular clusters: individual (NGC 6752), stars: abundances, stars: evolution, 
stars: fundamental parameters 



1. Introduction 

Galactic globular clusters have provided excellent oppor- 
tunities to refine our understanding of stellar structure, 
stellar evolution, the formation of the Milky Way, and the 
age of the universe. While gl obular clusters constitute only 
2% o f the mass of the halo l|Freeman fe Bland-Hawthorn! 
120021) . they are important targets to study because 
they are the oldest Galac tic objects for which reliable 
ages have been obtained llVandenberg. Stetson, fc Boltd 
ll99flGratton et alJ 120031) . IPeebles fc Dickd lll968h sug- 
gested that globular clusters were the first bound sys- 
tems to have formed in the protogalactic era and recently 



* Based on observations obtained with the ESO Very Large 
Telescope UVES spectrograph for programmes 67.D-0145 and 
65.L-0165(A) 



IWest et"al] l)2004|) suggested that by studying extragalac- 
tic globular clusters, the formation history of galaxies 
can be reconstructed. However, it is important to recog- 
nize that our understanding of the origin and evolution 
of the closest Galactic globular clusters is far from com- 
plete. Specifically, there is still no satisfactory explanation 
for the star-to-star abundance variations of light elements 
that is found in every well observed cluster. 

Spectroscopic observations allow us to mea- 
sure the chemical compositions of individual clus- 
ter stars which can provide clues to the for- 
mation and evo lution of globular cluster s (e.g ., 
see review by iGratton. Sneden. fc Carrettal l2004j) . 
iHelfer. Wallerstein. fc Greensteinl l)l959|) presented the 
first comprehensive abundance analysis of globular 
cluster stars. The first systematic study of composition 
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differen ces between various globu l ar clu st ers was c arried 
out by ICohenl dl978l Il979i Il98ft Il98ll) . IPopperl dl947ft 

first discovered a CN strong giant in M 13 and variations 
of CN were later seen among giants in M 5 and M 10 
by lOsbornl l|l97l|) . Since the id entificatio n of la rge Na 
variations in giants of M 13 bv IPeters on (1980j, many 
spectroscopic analyses of individual cluster stars have 
focused upon the origin of the star-to-star abundance 
variations of light elements (e.g ., lKraftJll993 iKraft et,"al] 
ll997tlSneden et alJll997tl20f)4b() . These variations consist 
of differences in and correlations between the abundances 
of the light elements C, N, O, Na, Mg, and Al seen in 
every well studied Galactic globular cluster. Although 
the amplitude of the abundance variation may differ 
from cluster to cluster, there is a common pattern: the 
abundances of C and O are low when N is high and O 
and Na are anticorrelated as are Mg and Al. 

Most abundance analyses using high resolution spec- 
tra of cluster stars have been performed upon giants. 
The advent of 8m class telescopes with efficient high res- 
olution echelle spectrographs has allowed observers to 
reach down to main sequence turn-off stars and early 
subgiants in the brightest clusters. While star-to-star 
abundance variations of C and N were known to exist 
in main sequence stars of the globular cluster 47 Tuc 



Here, we present an analysis of heavy elements in the 
cluster NGC 6752 which along with M 13 exhibits the 



( Hesserll97Sl iHesser fc BellllT^Bell. Hesser. fc Cannonl 
Il983|) , these variat ions have now been found in 
other clusters (e.g., ICannon et alJ Il998t Cohenl Il999l; 



Brilev. Cohen, fc Stetsonll2002HCohen. Brilev. fe Stetsonl 
2002). Recently, variations of O, N a, Mg, and Al have 



been observed in main se quence stars dGratton et all200ll 
IRarmrez fc Cor^Eomt ICohen fc Melendezll2005h. 

The two explanations for the abundance variations, 
the evolutionary and primordial scenarios, agree that the 
most likely mechanisms responsible for altering the light 
clement abundance ratios are proton-capture reactions 
(CNO-cycle, Ne-Na chain, and Mg-Al chain). In the evo- 
lutionary scenario, the abundance variations are due to 
internal nucleosynthesis and mixing within the observed 
stars. To effect changes to surface abundances of elements 
participating in the Ne-Na and Mg-Al chains requires ex- 
tremely deep and extensive mixing to very hot layers. This 
may just be conceivable for red giants but is definitely 
excluded as a possibility for main sequence stars. In the 
primordial scenario, the present stars either formed from 
gas of an inhomogeneous composition with the O and re- 
lated anomalies present in pockets contaminated by ejecta 
from H-burning layers of asymptotic giant branch (AGB) 
or other stars or accreted such ejecta after formation. 

The abundance ratios of heavy elements in cluster 
stars has attracted less attention. Yet these elements 
may also offer much insight in to the nucleo s yntheti c 
history of globular clusters l|Sneden et al.l l2004a|L 
Self-consistent analyses measuring a large number of 
elements in numerous stars within a given cluster 
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d2004ah. ICavallo Suntzeff. fc PiWnowskil d2004l). 
IJames et all l|2004bh . and ICarretta et aD l|2004l) where 
each study focused upon a handful of abundance ratios 
and/or a small number of stars. In this paper, we present 
abundance ratios for 20 elements in 38 bright giants of 
NGC 6752. We explore the homogeneity of the heavy 
element abundances as well as compare the abundances 
of various iron-peak, neutron-capture, and alpha elements 
with field stars and other globular clusters. Such mea- 
surements will provide a more detailed insight into the 
chemical evolution of this globular cluster. 



2. Target selection, observations, and reduction 

The targets for this study w e re dra wn from the uvby pho- 
tometry of iGrundahl et all 1^)99). The sample consists 
of 17 stars near the tip of the red giant branch (RGB) 
and 21 stars near the bump of the RGB. The observa- 
tions were carried out in service mode with the UVES 
instrument (|D'Odorico et al.ll2000|) on the ESO VLT UT2 
telescope. The stars near the RGB tip were observed at 
a resolving power R= A/AA=110,000 with signal-to-noise 
ratios (S/N) ranging from 250 per pixel in the cooler and 
brighter stars to 150 per pixel in the warmer and fainter 
stars. The stars near the RGB bump were observed with 
a resolving power R=60,000 with S/N=100 per pixel. For 
the RGB bump stars, the abundances of O, Na, Mg, and 
Al were presented in IGrundahl et al.l 1)20021) and for the 
RGB tip stars, the abundances of O, Na, Mg, and Al an d 
Mg isotope ratios were presented in lYong et~ | d2003h . 
For a complete description of the target selection, o bser- 
vations, and data reduction see lGrundahl et all l|2002|) and 
lYong et al.ld2003h . 

Derivation of the stell ar pa rameters wa s also d escribed 
in IGrundahl et alJ l|2002|) a nd lYong et all d2003l). B riefly. 
T e g were derived fro m the IGrundahl et alJ dl999l) uv bv 
photo metry using the EI onso. Arribas. fc Martmez-Rogerl 
(1999) T cB :[Fe/H]:color relations based on the infrared flux 
method. Surface gravities were estimated using the stel- 
lar luminosities and derived T c fj. To estimate the lumi- 
nosity we assumed a stellar mass of 0.84 M@, an appar- 
ent distance mod ulus of (m — M)v = 13.30, a reddening 
E(£> — V) = 0.04 IjHarrisI 19961) . and bolometric corrections 
were taken from a 14 Gyr iso chrone with [Fe/H]=— 1.54 
from IVandenBerg et al.l J2000) . The microturbulence was 
derived in the usual way by requiring that the abundances 
from Fe 1 lines be independent of the measured equivalent 
width. The stellar parameters for the program stars are 
presented in Table Q 
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Note. — PD1 and PD2 are from Penny & Dickens ( 1986) and the B xxxx names are from Buonan no et al.| (^986). 



For each star, we started by measuring the abundance 
of Fe. For the adopted mode l parameters, a stellar at- 
mosphere was taken from the iKurucd (jlQQ^h local ther- 
modynamic equilibrium (LTE) stellar atmosphere grid. 
We interpolated within the grid when necessary to obtain 
a model with the required T e s, log g, and [Fe/H]. The 
model was us ed with the LTE stellar line analysis pro- 
gram MOOG l(SnederJll97^ . The equivalent width (EW) 
of a line was measured using routines in IRAF 1 where in 
general a Gaussian profile was fitted to an observed pro- 
file. Assuming a solar metallicity of loge(Fe) = 7.50, we 
obtain [Fe/H] = -1.61(cr = 0.02) for NGC 6752 after ex- 



1 IRAF is distributed by the National Optical Astronomy 
Observatories, which are operated by the Association of 
Universities for Research in Astronomy, Inc., under cooper- 
ative agreement with the National Science Foundation. 



eluding the star NGC6752-7 (B2438) due to its discrepant 
iron abundance. (This outlier is most likely the result of 
a photometric blend which affected the temperature and 
grav ity estimates. In a v — y versus V diagram (Figure 
1 in lYong et all I2003L it lies to the blue of the RGB.) 
Despite the stars spanning a large range on the RGB (10.7 
< V < 14.2, 3900 < T off (K) < 4900, 0.3 < log g < 2.4), 
we find that the iron abundance is constant from star- 
to -star. (The qf val ues for Fel and Fell were presented 
in lYong et alJ (2003) from which we derived loge(Fe)o = 
7.50 using a Kurucz model.) 

Previous measureme nts of the Fe a bundance 
include [Fe/H] =-1 .54 llZinn fc Wesd Il984h. -1.5 8 
llMinniti et all Il993l). -1.52 llNorris fc Da Costal Il995l) 
-1.4 2 llCarretta fc Grattonlll997l) -1.42 |Gratton et al 
200l|, and -1.62 jGrnndahl et al.ll2002h . iKraft, fc Tvanf 



4 



Yong et al.: Abundances in giant stars in NGC 6752 



( 2003) found [Fe/H]i = -1.50 and [Fe/H]„ = -1.42 using 
Kurucz models and [Fe/H]i = -1.51 and fFe/HIn = -1.5 
using MARCS models. Recently, Ijames etal ] (12004 _ 
measu red [Fe/H]=-1.49(<r = 0.07) and ICavallo et al 
(|2004|) derived [Fe/H]=-1.58(cr = 0.16). The various 
studies employed a different set of lines and gf values 
in their analysis of giants or unevolved stars. While our 
Fe abundance is slightly lower than other investigators, 
we conclude that all studies are in reasonable agreement 
within the uncertainties in the stellar parameters. 

An alternative method to derive T e g is by insisting 
that the abundance from Fe lines be independent of the 
lower excitation potential, that is, excitation equilibrium. 
We note that our adopted T e g based on photometry satis- 
fies excitation equilibrium. To derive the surface gravity, 
an alternative method is to force the abundance from neu- 
tral Fe lines to equal the abundance from singly ionized 
Fe lines, that is, ionization equilibrium. For our adopted 
surface gravities, we note that ionization equilibrium is 
satisfied for all but the three coolest stars. In these coolest 
stars, the abundance from Fe I lines was in agreement with 
warmer stars. However, the abundance from Fe n lines ap- 
peared to increase slightly in these coolest stars where the 
maximum discrepancy was Fell — Fel = 0.2 dex in the 
coolest star. We suggested that a mild revision of the tem- 
perature scale would ensure that all stars ga ve the same 
Fe ab undance from neutral and ionized lines {Yong et alJ 
|2003[) . This would be achieved by a temperature correc- 
tion running from an increase of T e g by 100K at 3900K 
and vanishing at about 4200K. 

3. Elemental abundances 

Using the derived stellar parameters, we determined the 
elemental abundances by measuring the equivalent widths 
of atomic lines again using routines in IRAF. Abundances 
were measured for O, Na, Mg, Al, Si, Ca, Sc, Ti, V, Mn, 
Co, Ni, Cu, Y, Zr, Ba, La, Ce, Nd, and Eu. In general, 
Gaussian profiles were fitted to the observed profiles. For 
strong lines (EWs>80mA) and lines known to be affected 
by hyperfine and isotopic splitting, direct integration was 
used to measure the EWs. The elemental abundance anal- 
ysis was conducted using Moog. We used the Van der 
Waals line damping parameter (Unsold approximation 
multiplied by a factor recommended by the B lackwcll 
group ) . The line lists wer e compiled from iKurucz fc Belli 
{l99.^.lfrans et al l l|20ol . iRamirez fc Cohenl (|2002ft . and 
Rcd dv et alJ {20031) and are presented in Ta ble El Lines 
of O, Na, Mg, Al, and Fe were presented in I Yong et alJ 
l)2003[) . For the lines of Sc, V, Mn, Co, and Ba which 
are affected by hyper fine and/or isotopic spli tting, we em- 
ployed line lists from lProchaska et alJ 1)20001) . For lines of 
Cu and Eu which are affected by hyperfine and i s otopic 
splitting, we used line li sts from ISimmerer et all (|2003|) 
and ILawler et alJ (|2001bf) and assumed a solar isotope ra- 
tio. For La and Nd, we made use of the updated tr ansi- 
tion probabilities measu red by ILawler et al.l 1 2001al) and 
iDen Hartog et all {20031) . For each of the program stars, 



the elemental abundance ratios [X/Fe] are presented in 
Tables 01 and 0] For a particular element in a given star, 
the abundances derived from different lines are in very 
good agreement (in general, a < 0.1 dex). The adopted Fe 
abundance was the mean of all Fe lines. Recall that the Fe 
abundance from neutral and singly ionized lines agree for 
all but the three coolest stars. Therefore, our abundance 
ratios are not affected by our choice of Fe abundance such 
that [X/Fei] ~ [X/Fe n] ~ [X/Fe]. In Figures Q] to we 
plot the abundance ratios [X/Fe] versus T e g. The warmest 
stars show a larger dispersion in [X/Fe] than the coolest 
stars. This is most evident for V, Ce, and Eu. We suspect 
that the increased spread is due to the lower quality of the 
data and the weakness of the lines. In these warmer and 
fainter stars, lines of V, Ce, and Eu have EWs< 12mA and 
the S/N is lower than for the bright RGB tip stars. We 
suggest that the increased dispersion in the abundances 
of fainter stars is not a real feature. 

In Table we present the abundance dependences on 
the model parameters. Our adopted errors are T e g ± 30, 
log g ± 0.1, and £ f ± 0.1. Note that these are internal 
errors and underestimate the absolute errors. For T e g, we 
estimated the internal error in the following way. A poly- 
nomial fit was made to the RGB in the b—y versus V plane. 
The formal scatter around the relation was 0.009mag in 
b — y corresponding to an error of about 30K. For the sur- 
face gravity, we assumed the basic cluster parameters for 
the stars, i.e., reddening, distance, etc. Therefore, inter- 
nal errors in log g are due to the O.Olmag uncertainties 
in the V magnitudes. This translates into errors of the 
order 0.01. However, we adopted an uncertainty of 0.1 in 
log g since this was the minimum value that would pro- 
duce non-zero changes in [X/Fe] for all elements. For the 
microturbulence, we plotted £t versus log g and fitted a 
straight line to the data. The scatter around the line was 
0.1 km s -1 . 

Within the abundance uncertainties, none of the ele- 
mental abundance ratios show a strong dependence upon 
Teg, where we take T e ff as a surrogate for evolutionary 
status. Note that our sample spans more than 1000K in 
T e ff and more than 3 magnitudes in V along the RGB 
including stars below the RGB bump. 

By comparing the predicted scatter in [X/Fe] (due to 
errors in the stellar parameters) and the measured scat- 
ter, we can understand to what extent are the abun- 
dance ratios constant. We estimate the predicted scatter 
as a 



predicted 



([X/Fe]) = A([X/Fe]:T eff ) 2 + A([X/Fe]:log gf 
A([X/Fe]:6) 2 where A([X/Fe]:T cff ), A([X/Fe]:log g), 
and A([X/Fe]:£t) are taken from Table [S] and represent 
the uncertainty in [X/Fe] due to changes in the adopted ef- 
fective temperature, surface gravity, and microturbulence. 
We have not included the uncertainties in [X/Fe] due to 
errors in EWs or errors in the input abundance where con- 
sideration of these quantities would increase the predicted 
scatter. Our uncertainties also do not take into account 
covariance terms wh i ch are discuss ed bvlMcWilliam et alJ 
{l995l) and l.Iohnsor] {£002). While I.Tohnsonl {20021) shows 
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Table 3. Elemental abundances for program stars (O-Mn) 
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Namel [O/Fc] [Na/Fc] [Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe] [Sc/Fe] [Ti/Fc] [V/Fe] [Mn/Fe] 



NGC6752-niE 

J. i U 1 UiJ 111c 


r 
> u 


o 


47 





.67 





.48 


1, 


.08 


0. 


.38 


0. 


.17 


0. 


.01 


0. 


.13 


— 0. 


.32 


— 


.43 


NGC6752-m§ 




o 


46 


o 


.38 


o 


46 


0. 


.82 





.41 





.03 


-0 


.04 


0. 


.05 


— 0. 


.45 


— 


.47 


NGC6752-mE 

1 \ VJ V,' VJ I (JZj lilt 




o 


.55 


o 


49 


o 


.47 


0. 


.77 





.43 





.09 





.01 


0. 


.09 


— 0. 


.43 


_Q 


.47 


NGC6752-niE 

1 1 \^/\J 1 V Lj lilt 




o 


47 


o 


.22 


o 


.50 


0. 


.77 





.32 





.19 


-0 


.06 


0. 


.12 


— 0. 


.32 


— 


.41 


NGC6752-niE 


4 
•> * 


o 


38 


o 


.29 


o 


.47 


0. 


.90 





.34 





.18 


-0 


.01 


0. 


.12 


-0. 


,33 


-0 


.41 


NGC6752-mE 

li \J V ' VJ 1 I J Zj lilt 


> J 


o 


42 


o 


.32 





.51 


0. 


.74 





.33 





.26 


— 


.02 


0. 


46 


— 0. 


.27 


_o 


.39 


NGC6752-niE 

1 l \JU i t-J z-i lilt 


'6 


o 


.60 


o 


43 





.54 


0. 


.57 





.34 





.28 


— 


.18 


0. 


.18 


— 0. 


.24 


— o 


.38 


NGC6752-m£ 


'8 
i° 


o 


.40 


o 


.34 





.50 


0. 


.74 





.32 





.22 


— 


.01 


0. 


.09 


-0. 


.36 


-0 


.48 


NGC6752-niE 

1 1 \JU 1 *-J t-t lilt 


,0 


o 


.47 





.28 





.51 


0. 


.77 


o 


.31 





.29 


— 


.05 


0. 


.18 


— 0. 


.18 


— 


.39 


NGC6752-mE 

± 1 V.J VJU 1 V Lj lilt 




o 


.44 


o 


.28 





.51 


0. 


.78 





.29 





.28 


o 


.00 


0. 


.12 


— 0. 


.27 


— o 


.41 


NGC6752-niE 


42 


o 


.66 


-0 


.09 





.48 


0. 


.09 





.27 





.30 


-0 


.04 


0. 


.12 


-0. 


.26 


-0 


.42 


NGC6752-niE 

1 l \JU i V t-t lilt 


45 


o 


.40 


o 


.31 


o 


.52 


0. 


.72 





.30 





.33 


— o 


.04 


0. 


.20 


— 0. 


.14 


— o 


.34 


NGC6752-niE 

1 1 \JU i lilt 


48 


o 


.46 


o 


49 


o 


49 


0. 


.59 





.31 





.36 


— 


.07 


0. 


.20 


— 0. 


.19 


— o 


.36 


NGC6752-niE 




o 


.01 


o 


.57 


o 


.42 


1. 


.18 





.35 





.38 





.01 


0. 


.17 


— 0. 


.14 


— 


.36 


NGC6752-mE 

± i v.j vju i iiit 


'22 


o 


.19 


o 


.63 


o 


.49 


0. 


.99 





.35 





.37 


— 


.05 


0. 


.17 


— 0. 


45 


— o 


.42 


NGC6752-mE 

± i v. < vju i *-J t-t iiit 


•24 


o 


.65 


— o 


.09 





.50 


0. 


.12 





.26 





.31 


— 


.01 


0. 


.16 


— 0. 


.22 


— 


.39 


NGC6752-niE 


'25 


o 


.59 


o 


.14 





.53 


0. 


.51 





.33 





.38 


-0 


.04 


0. 


.19 


-0. 


.14 


-0 


.39 


NGC6752-0 




— o 


.15 





.55 





.24 


1 


.33 





.41 





.23 


— 


.02 


0. 


.11 


— 0. 


.33 


— o 


45 


NGC6752-1 




o 


.57 


o 


.08 


o 


.52 


0. 


.32 





.35 





.23 


— 


.14 


0. 


.13 


— 0. 


.27 


— o 


.44 


NGC6752-2 




-0 


.09 





.60 





.39 


1. 


.18 





.32 





.26 


— 


.10 


0. 


.19 


-0. 


.26 


— 


.44 


NGC6752-3 




o 


.70 


— o 


.04 





.52 





.22 





.31 





.21 


— 


.03 


0. 


.17 


— 0. 


,29 




.55 


NGC6752-4 




— o 


.04 





.61 





.39 


1 


.20 





.37 





.27 


— 


.06 


0. 


.15 


— 0. 


.29 


— o 


.47 


NGC6752-6 




o 


.09 


o 


.54 


o 


46 


0. 


.96 





.27 





.25 


-0 


.06 


0. 


.12 


-0. 


.19 


-0 


.50 


NGC6752-7 




o 


.90 


o 


.02 


o 


.55 


0. 


.19 





.11 





.01 


— 


.02 


— 0. 


.04 


— 0. 


.73 


— o 


.75 


NGC6752-8 




o 


.66 


— o 


.01 





.54 


0. 


48 





.30 





.23 


— 


.07 


0. 


.14 


— 0. 


.47 


— o 


.56 


NGC6752-9 




o 


.65 


— 


.02 





.52 


0. 


.13 


o 


.32 





.21 


— 


.07 


0. 


.10 


— 0. 


.35 


— 


.48 


NGC6752-10 






.02 





.65 





.43 


1 


.06 





.36 





.24 


— 


.04 


0. 


.16 


— 0. 


.35 


— o 


.45 


NGC6752-11 




o 


.37 


o 


.35 


o 


.47 


o 


.90 


o 


.24 





.19 


— 


.02 


0. 


.08 


-0. 


.35 




.54 


NGC6752-12 




o 


.29 


o 


.27 


o 


.50 


0. 


41 


o 


.35 





.23 





.01 


0. 


.14 


— 0. 


.35 


-0 


.49 


NGC6752-15 




o 


.65 


— o 


.10 





.51 


0. 


.58 





.36 





.22 


— o 


.05 


0. 


.11 


— 0. 


.19 


— o 


.39 


NGC6752-16 







.09 





.36 





48 


0. 


.83 





40 





.22 


-0 


.04 


0. 


.17 


-0. 


.29 


-0 


48 


NGC6752-19 







.29 





.22 





48 





.59 





.29 





.21 


-0 


.04 


0. 


.13 


-0. 


.60 


-0 


.52 


NGC6752-20 







.08 





.67 





.37 


1 


.15 





.35 





.26 


-0 


.05 


0. 


.16 


-0. 


.16 


-0 


.44 


NGC6752-21 







.49 





.29 





46 





.63 





.31 





.23 





.00 


0. 


.15 


-0. 


.22 


-0 


.51 


NGC6752-23 







41 





.59 





.34 


1 


.25 





.36 





.24 





.00 


0. 


.12 


-0. 


.29 


-0 


.51 


NGC6752-24 







.56 





.01 





49 


0. 


.36 





.20 





.18 


-0 


.02 


0. 


.08 


-0. 


.33 


-0 


.53 


NGC6752-29 







.51 


-0 


.07 





.48 


0. 


.35 





.25 





.21 


-0 


.07 


0. 


.05 


-0. 


.24 


-0 


.50 


NGC6752-30 







.61 





.15 





.49 


0. 


.56 





.32 





.28 


-0 


.04 


0. 


.16 


-0. 


.17 


-0 


.45 



that these additional covariance terms are small, their con- 
tribution depends upon the strength of the lines, the line 
lists, and the method for determining stellar parameters. 
Nevertheless, adding more terms such as errors in the E Ws 
or input abundance would further increase our predicted 
error which already is well matched to the observed scat- 
ter. In Table H3 we compare the predicted and observed 
scatter in abundance ratios (star NGC6752-7 has been ex- 
cluded in calculating the observed scatter). For O, Na, and 
Al we find that the predicted scatter is significantly lower 
than the observed scatter, as expected given that these el- 
ements show star-to-star abundance variations of around 
1.0 dex. For Mg, the measured scatter slightly exceeds the 
predicted scatter. While it may be tempting to conclude 
that Mg shows no variation, we emphas ize that the Mg 
abun danc e is anticorrelated with Al (see iGrundahl et alJ 
2002 and lYong et all [20031 and therefore we argue that 
Mg shows a small star-to-star variation despite the fair 



agreement between the predicted and observed scatter. 
For elements heavier than Al, the predicted and observed 
scatter are well matched. 

In Figure H3 we plot the summary of our derived 
abundance ratios for bright giants in NGC 6752 (star 
NGC6752-7 has been excluded). Following llyans et alJ 
l|l999ll200ll) and lRarmrez fc Cohenl l|2002ll2003h . for each 
element we plot a box whose upper and lower limits signify 
the interquartile range (the middle 50% of the data). The 
line within each box identifies the median. The vertical 
lines extending from each box represent the total range 
of the abundance excluding outliers. Outliers are defined 
as stars that lie more than 3 times the interquartile range 
from the median. This Figure clearly shows the large range 
of the star-to-star variation of O, Na, and Al. As a com- 
parison, Sc, Ti, La, and Nd all exhibit a very small range 
of abundances. 
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Table 4. Elemental abundances for program stars (Co-Eu) 



Namel 


[Co/Fe] 


;Ni/Fe] 


Cu/Fc] 


[Y/Fe] 


[Zr/Fc] 


Ba/Fe] 


La/Fe] 


[Cc/Fc] 


Nd/Fe] 


Eu/Fc] 


NGC6752-mgO 


_o 


02 


_o 


10 


_o 


61 


o 


07 


o 


23 






o 


07 


o 


20 


o 


24 


o 


32 


NGC6752-mgl 


-0 


02 


-0 


13 


— o 


71 


o 


04 


o 


19 






o 


05 


o 


23 


o 


22 


o 


34 


NGC6752-mg2 


o 


00 


_o 


12 


_o 


66 


o 


10 


o 


20 






o 


08 


o 


25 


o 


26 


o 


35 


NGC6752-mg3 


_o 


01 


_o 


10 


_0 


59 


o 


06 


o 


20 


_o 


33 


o 


05 


o 


23 


o 


17 


o 


34 


NGC6752-mg4 


o 


00 


-0 


11 


— o 


61 


o 


06 


o 


19 


— o 


35 


o 


07 


o 


24 


o 


29 


o 


35 


NGC6752-mg5 


o 


02 


_Q 


08 


_Q 


60 


o 


01 


o 


19 


_Q 


15 


o 


06 


o 


28 


o 


27 


o 


33 


NGC6752-mg6 


o 


04 


_o 


07 


— 


53 


o 


07 


o 


27 


_o 


23 


o 


09 


o 


30 


o 


13 


o 


36 


NGC6752-mg8 


-0 


03 




11 


— o 


60 


— o 


12 


o 


17 




31 


o 


17 


o 


17 


o 


24 


o 


30 


NGC6752-mg9 


o 


01 


-0 


07 


— o 


55 


— o 


05 


o 


22 


-0 


13 


o 


10 


o 


25 


o 


24 


o 


30 


NGC6752-mglO 


_o 


02 


_o 


09 


_o 


57 


o 


02 


o 


20 


_o 


02 


o 


07 


o 


21 


o 


23 


o 


36 


NGC6752-mgl2 


o 


01 


— o 


09 


— o 


55 


— o 


05 


o 


17 


— o 


03 


o 


10 


o 


23 


o 


24 


o 


j 4 


NGC6752-mgl5 


o 


06 


_o 


04 


_o 


51 


_o 


05 


o 


30 


_o 


11 


o 


12 


o 


25 


o 


19 


o 


23 


NGC6752-mgl8 


o 


06 


_o 


03 


_o 


53 


_o 


04 


o 


26 


_o 


08 


o 


12 


o 


29 


o 


12 


o 


36 


NGC6752-mg21 


-0 


13 




05 


— o 


53 


o 


01 


o 


27 


-0 


05 


o 


17 


o 


28 


o 


28 


o 


37 


NGC6752-mg22 


o 


03 


_o 


02 


_o 


53 


o 


00 


o 


31 


o 


01 


o 


16 


o 


25 


o 


21 


o 


31 


NGC6752-mg24 


o 


04 


_o 


05 


_0 


53 


_0 


19 


o 


33 


_o 


25 


o 


13 


o 


24 


o 


18 


o 


35 


NGC6752-mg25 


o 


06 


-0 


03 


— o 


55 


— o 


03 


o 


37 


o 


03 


o 


16 


o 


30 


o 


20 


o 


36 


NGC6752-0 


_o 


01 


_o 


04 


_o 


62 


o 


02 


o 


28 


o 


17 






o 


30 


o 


20 


o 


31 


NGC6752-1 


_o 


04 


_o 


01 


— 


60 


o 


02 


o 


08 


o 


12 






o 


33 


o 


18 


o 


33 


NGC6752-2 


-0 


05 


o 


00 


— o 


61 


o 


01 


o 


19 


o 


09 






o 


36 


o 


12 


o 


45 


NGC6752-3 


_o 


18 


_o 


01 


_o 


66 


_o 


11 


_o 


05 


_o 


14 






o 


32 


o 


17 


o 


33 


NGC6752-4 


_o 


18 


_o 


04 


_o 


63 


o 


00 


o 


00 


o 


10 






o 


25 


o 


25 


o 


50 


NGC6752-6 


-0 


10 


— o 


07 


— o 


64 


— o 


02 


o 


23 


o 


00 






o 


34 


o 


24 


o 


35 


NGC6752-7 


_o 


14 


_o 


23 


_o 


86 


_o 


14 


_o 


18 


_o 


24 






o 


15 


o 


30 


o 


25 


NGC6752-8 


_o 


02 


o 


02 


_o 


68 


_o 


04 


o 


20 


o 


10 






o 


39 


o 


25 


o 


46 


NGC6752-9 


o 


02 


-0 


05 


— o 


63 


— o 


05 


o 


09 


o 


00 






o 


42 


o 


26 


o 


33 


NGC6752-10 


_o 


14 


_o 


02 


_o 


61 


o 


02 


o 


17 


o 


08 






o 


27 


o 


26 


o 


35 


NGC6752-11 


_o 


14 


_o 


06 


_0 


66 


_o 


04 


o 


09 


o 


04 






o 


30 


o 


28 


o 


16 


NGC6752-12 


-0 


14 


— o 


01 


— o 


64 


— o 


11 


o 


08 


o 


00 






o 


19 


o 


25 


o 


31 


NGC6752-15 


_o 


14 


_o 


05 


_o 


65 


_o 


14 


_o 


10 


_o 


13 






o 


34 


o 


22 


o 


13 


NGC6752-16 


— u 


00 
UZ 


u 


n i 


n 

— u 


00 


n 

— u 


Uo 


u 


00 
zz 


— u 


uo 






n 
u 


93 
ZO 


u 


93 
ZO 


u 




NG06752-19 


-0 


02 


-0 


03 


-0 


66 


-0 


10 





18 


-0 


05 









26 





22 





21 


NGC6752-20 


-0 


02 





01 


-0 


59 





02 





21 





05 









36 





25 





23 


NGC6752-21 


-0 


02 


-0 


03 


-0 


61 


-0 


03 





18 


-0 


08 









25 





25 





33 


NGC6752-23 


-0 


02 


-0 


01 


-0 


65 


-0 


01 





17 





01 









19 





25 





17 


NGC6752-24 





03 


-0 


06 


-0 


70 


-0 


15 





04 


-0 


15 









18 





25 





19 


NGC6752-29 





11 


-0 


08 


-0 


71 


-0 


09 





11 


-0 


13 









24 





21 





40 


NGC6752-30 





11 


-0 


07 


-0 


57 





01 





16 


-0 


06 









18 





24 





35 



The lack of a significant trend in abundance ratios over 
the large range in T c g may be regarded as a surprising suc- 
cess of an LTE analysis employing one-dimensional plane 
parallel model atmospheres. Our results would also sug- 
gest that departures from LTE do not greatly affect the 
elements considered. 

In Table |2 we compare ou r mean abundances for ele - 
ments heavier than A l wit h thelNorris fc Da Costal ((1995) , 
IJames et ail i|2004alh and lCavallo et all l|2004l) values. For 
most elements, there is a reasonable agreement between 
the various studies. The small differences may be entirely 
attributed to the systematic offsets in ste llar parame- 
ters an d perhaps atomic data. For example, l.lames et alJ 
ll20f)4ah derive T e ff from fitting the w ings of H Q lines 
whereas we use the lAlonso et all l|l999l) T eff :[Pe/H]: color 
relations. Certainly, the disagreeme nt between our val- 
ues and iNorris fc Da Costal l|l995h for Nd and La is 
likely due to the different atomic data where we uti- 



liz e the recently upda t ed tra nsiti on probabilities meas ured 
bv lDen Hartoe et alJ l)2003ft and lLawler et all l)2001a|l It 
is probably no coincidence that the observed scatter in 
[X/Fe] for Nd and La is very lo w. Our Eu abundances dif- 
fer considerably compared with lNorris fc Da Costal l(l99.^ 
and again we identify the different transition probabilities 
as the likely source of the discrepancy. 

4. Comparison between globular clusters and field 
stars 

The behavior of O, Na, Mg, and Al in NGC 6752 (and 
numerous other clusters) has been discussed extensively 
within the literature and is not the main focus of this 
study. Rather, we tur n our attention to el ements heav- 
ier than Al. Following ISneden et alJ l)2004a|) . we compare 
the abundance ratios between field stars and different 
globular clusters. For the comparison field stars, we se- 
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Table 5. Abundance dependences on model parameters 





NGC6752-mg6 a 




NGC6752-15 b 




Abundance 


T c ff + 30 


log g + 0.1 £t 


+ 0.1 


T ea + 30 log g 


+ 0.1 


6 + o.i 


[Fe/Hl 

L / J 


0.01 


0.01 


-0.02 


0.03 


-0.01 


-0.03 


[0 /Fe 


0.01 


0.04 


-0.01 


-0.02 


0.05 


0.03 


[Na/Fe] 


0.03 


-0.02 


-0.01 


-0.01 


-0.01 


0.03 


Mg/Fel 


0.02 


-0.02 


-0.03 


-0.01 


-0.02 


0.01 


Al/Fel 

L / J 


0.03 


-0.01 


-0.01 


-0.01 


-0.01 


0.02 


Si/Fel 

L / J 


-0.01 


0.02 


-0.01 


-0.02 


0.01 


0.02 


[Ca/Fe] 


0.04 


-0.01 


-0.04 


-0.01 


-0.01 


-0.01 


[Sc/Fe] 


-0.01 


0.04 


-0.02 


-0.03 


0.04 


0.01 


Ti/Fe 

L / J 


0.05 


-0.01 


-0.02 


0.01 


0.01 


-0.02 


[V/Fe] 


0.07 


-0.01 


-0.01 


0.02 


-0.01 


0.03 


[Mn/Fe] 


0.04 


-0.01 


-0.01 


-0.01 


-0.01 


0.02 


Co/Fel 


0.02 


-0.01 


-0.01 


0.02 


0.01 


0.04 


Ni/Fel 

L / J 


0.02 


0.02 


-0.02 


-0.01 


0.01 


0.02 


[Cu/Fe] 


0.02 


-0.01 


-0.02 








[Y/Fe] 


0.01 


0.03 


-0.02 


-0.03 


0.04 


0.02 


[Zr/Fe] 


0.08 


0.01 


-0.01 








[Ba/Fe] 


0.01 


0.04 


-0.07 


-0.01 


0.04 


-0.04 


[La/Fe] 


-0.01 


0.03 


0.03 








[Ce/Fe] 


0.01 


0.04 


-0.01 


-0.02 


0.04 


0.03 


[Nd/Fe] 


0.01 


0.03 


-0.02 


-0.02 


0.04 


0.02 


[Eu/Fe] 


-0.02 


0.03 


-0.02 


-0.02 


0.04 


0.03 


a NGC6752- 


■mg6: T e g= 


4154 K, log g=0.6f 


S cm s" 


" 2 , £t=2.10 km s^ 1 






b NGC6752- 


-15: T cff =4850 K, log g=2.19 cm s~ 2 


, £t=1.35 km s _1 







Table 6. Mean Abundances and comparison of predicted and observed spread 



[X/Fc] 


Mean 


^"predicted 


^"observed 


[Fe/H] 


-1.61 


0.03 


0.02 


[O/Fc] 


0.37 


0.05 


0.25 


[Na/Fe] 


0.28 


0.03 


0.24 


[Mg/Fe] 


0.47 


0.03 


0.06 


[Al/Fe] 


0.72 


0.03 


0.34 


[Si/Fe] 


0.33 


0.03 


0.05 


[Ca/Fe] 


0.24 


0.04 


0.07 


[Sc/Fe] 


-0.04 


0.04 


0.04 


[Ti/Fe] 


0.14 


0.04 


0.04 


[V/Fe] 


-0.28 


0.05 


0.10 


[Mn/Fe] 


-0.45 


0.03 


0.06 


[Co/Fe] 


-0.02 


0.03 


0.07 


[Ni/Fe] 


-0.05 


0.03 


0.04 


[Cu/Fe] 


-0.61 


0.03 


0.05 


[Y/Fe] 


-0.02 


0.04 


0.07 


[Zr/Fe] 


0.18 


0.08 


0.10 


[Ba/Fe] 


-0.06 


0.07 


0.13 


[La/Fe] 


0.10 


0.04 


0.04 


[Ce/Fe] 


0.27 


0.05 


0.06 


[Nd/Fe] 


0.22 


0.04 


0.04 


[Eu/Fe] 


0.32 


0.05 


0.09 



Note. — Star NGC6752-7 has been omitted due to its deviating [Fe/H]. 



lected the iFulb rightl ll2 000h sur vey (primarily metal-poor 
dwarfs) and lReddv et all l)2003|) survey (thin disk dwarfs) 
since they concentrated on a large number of elements 
in samples that exceeded 170 stars. We also included 
data from the smaller samples of field dwarfs and giants 



presen t ed bv IZhao fc Maeainl lll990i). iGratton fc Snedenl 
l|l99l|) . lBurris et all l)2000|) . and Ijohnsonl l|2002|) . For the 

different globular clusters, we selected those for which 
high resolution spectra had been obtained of large num- 
bers of stars. While our list of clusters is not as extensive 
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Fig. 6. Summary of abundance ratios. For each element, the box represents the interquartile range while the horizontal 
line is the median value. The vertical lines extending from the box indicate the total range of the abundance, excluding 
outliers. Outliers are stars that lie more than 3 times the interquartile range from the median and are plotted as crosses. 
(Star NGC6752-7 has been omitted due to its deviating [Fe/H].) 



Table 7. Abundance comparison with literature 



Species 



[Si/Fe] 

[Ca/Fe] 

[Sc/Fe] 

[Ti/Fe] 

[V/Fe] 

[Fe/H] 

[Ni/Fe] 

[Y/Fe] 

[Zr/Fe] 

[Ba/Fe] 

[La/Fe] 

[Nd/Fe] 

[Eu/Fe] 



This Study 
Mean (a) 



ND95 



Mean (a) 



James04 
Subgiants 
Mean (a 



0.33 (0.05) 
0.24 (0.07) 
-0.04 (0.04) 
0.14 (0.04) 
-0.28 (0.10) 
-1.61 (0.02) 
-0.05 (0.04) 
-0.02 (0.07) 
0.18 (0.10) 
-0.06 (0.13) 
0.10 (0.04) 
0.22 (0.04) 
0. 32 (0.09) 
= INorr 



0.26 (0.06) 

0.40 (0.02) 

0.00 (0.05) 

0.15 (0.09) 

-0.01 (0.08) 

-1.52 (0.04) 

-0.16 (0.03) 

-0.27 (0.09) 

0.17 (0.06) 

0.00 (0.13) 

-0.07 (0.07) 

-0.07 (0.10) 

-0.25 (0.06) 

'1995, 



-1.49 (0.07 
-0.01 (0.13 
0.25 (0.08 



Dwarfs 
Mean (a) 



-1.48 (0.07 
-0.03 (0.11 
0.11 (0.09 



CPS04 



Mean (a) 



0.26 (0.08) 

0.24 (0.18) 

-1.58 (0.16) 
-0.12 (0.12) 

0.13 (0.14) 



0.40 (0.09) 0.47 (0.08) 0.55 (0.12) 



Note. - ND95 = lNorris fe Da Costalll995l . CSP04 
has been omitted due to its deviating [Fe/H]. 



Cavallo ct al.'2004, and James04 = Ijames et ai]|2004al . Star NGC6752-7 



as ISneden et alJ <)2004a|L we do include all clusters with 
more than 10 stars analyzed. In Table |H1 we list the clus- 
ters included for comparisons in the following discussion 
along with the i r metalliciti es placed on a uniform scale by 
iKraft fc Ivansl (1200.1 Eool . 

4.1. Alpha elements 

In Figured we plot the mean abundances for [Si/Fe], 
[Ca/Fe], and [Ti/Fe] versus [Fe/H]. We include field stars 
as well as mean values for other globular clusters. These 



alpha elements are synthesized primarily in massive stars 
that die as Type II supernovae whereas Fe may be pro- 
duced in both Type la and Type II supernovae. The pro- 
genitors of Type II supernovae (i.e., massive stars) have 
much shorter lifetimes than the progenitors of Type la 
supernovae. A consequence of the different lifetimes and 
yields is that below [Fe/H]=— 1.0, the alpha elements 
are overabundant with respect to Fe, [a/Fe]~0.4. Above 
[Fe/H]=— 1.0, the abundance of the alpha elements de- 
creases from [a/Fe]~0.4 to [a/Fe]=0.0 by solar metallic- 
ity in thin disk stars since a growing fraction of the Fe is 
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Table 8. Cluster metallicities and Abundance references 



NGC (Other) 


[Fc/H] a 


Reference 


104 (47 Tuc) 


-0.70 


Brown & Wallcrstein (19921 


288 


-1.41 


Shetrone & Keane (20001 


362 


-1.34 


Shetrone & Keane (20001 


3201 


-1.56 


Gonzalez & Wallerstein (19981 


5272 (M3) 


-1.50 


Sneden et al. (2004b1 


5904 (M5) 


-1.26 


Ivans et al. (20011: Ramirez & Cohen (20031 


6121 (M4) 


-1.15 


Ivans et al. (19991 


6205 (M13) 


-1.60 


Kraft et al. (19971: Sneden et al. (2004b1 


6254 (M10) 


-1.51 


Kraft et al. (19951 


6341 (M92) 


-2.38 


Shetrone (19961: Sneden et al. (2000c1 


6397 


-2.02 


Castilho et al. (20001 


6752 


-1.61 


This study 


6838 (M71) 


-0.81 


Ramirez & Cohen (20021 


7078 (M15) 


-2.42 


Sneden et al. ( 1997. 2000c1 


— (Pal 12) 


-0.95 


Cohen (2004) 



a [Fe/H] values are from lKraft fe Ivansl J2003t l2004ll . 
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Fig. 1. [X/Fe] ratios for O, Na, Mg, and Al versus T ( 



off- 



Fig. 2. [X/Fe] ratios for Si, Ca, Sc, and Ti versus T e e. 



produced in Type la supernovae. In this Figure the well 
established behavior of the alpha elements with metallic- 
ity in field stars is shown. For NGC 6752, the alpha ele- 
ments are also overabundant with respect to Fe with no 
evidence from [a/Fe] that Type la supernovae have con- 
tributed. For the globular clusters, the abundances of Si, 
Ca, and Ti mimic the trends seen in the field stars. 

NGC 6752, with respect to [a/Fe], is typical of 
the globular clusters, but not all clusters follow field 
stars in [a/Fe]. A notable exception is Palomar 12. 
This cluster has a low value of [a/Fe] compared to 
field stars and other globular clusters at th e same 
metallicity ijBrown. Wallerstein. k, Zuckerl Il997t ICohenl 
120041) . This cluster appears to lie in a stream ex- 
tending from the Sagittarius dwarf spheroidal galaxy. 
ICohenl l)2004j) showed that the abundance ratios in 
Pal 12 are in good agreement with stars in the 
Sagittarius dwarf spheroidal galaxy ijBonifacio et all2 000: 



McWilliam. Rich, fe Smecker-Hantll2003l Bonifacio et alJ 
20041 IShetrond 12004 - Th at this cluster also appears 
to be younger than other Galactic globula r clusters 
l|Gratton fe Ortolanilll983 IStetson et a"lTll989|) reinforces 
the idea that Pal 12 was originally a globular cluster asso- 
ciated with the Sagittarius galaxy. The low [a/Fe] may be 
attributed to a region in which the chemical evolution was 
slow. That is, star formation continued for a sufficiently 
long period such that Type la supernovae had time to 
evolve and contaminate the stars' natal gas with iron and 
other products. 

4.2. Iron-peak elements 

In Figure |H1 we plot the mean abundance of [Sc/Fe], 
[V/Fe], and [Ni/Fe] versus metallicity in globular clusters 
and field stars. In field stars, these Fe-peak elements fol- 
low the abundance of Fe. Again we find that the glob- 
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Fig. 3. [X/Fe] ratios for V, Mn, Co, and Ni versus T off . 
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Fig. 4. [X/Fe] ratios for Cu, Y, Zr, and Ba versus T e g. 
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Fig. 5. [X/Fe] ratios for La, Ce, Nd, and Eu versus T e g. 

ular clusters seem to mimic the trends seen in the field 
stars. That is, at a given metallicity, [X/Fe]~0. For Sc 
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Fig. 7. [X/Fe] ratios for Si, Ca, and Ti versus [Fe/H]. The 
small dots represent individual field stars taken from vari- 
ous sources (see text), the open circles are the mean value 
for different globular clusters, and the closed circle is mean 
value from this study. The error bars on the globular clus- 
ters represent the standard deviation. 



and Ni, NGC 6752 does not appear unusual when com- 
pared with other clusters: we note that our V abundance 
appears low compared to field stars and other clusters. 
Ou r mean value [V/Fe ] =— 0. 28 (a = 0.10) is lower than 
the lNorris & Da Costal lll995h value of [V/Fe]=-0.01 (a = 
0.08). Our predicted scatter for V is well matched to the 
observed scatter. However, in a given star, the abundances 
from different V lines showed a higher scatter than for all 
other elements (a ~ 0.17 dex). We suggest that our mean 
error for V (based on the standard deviation of [V/Fe] in 
all stars) is underestimated. Pal 12 appears to be slightly 
underabundant in V and Sc with respect to field stars at 
the sa me metallicity. As explained in the previous para- 
graph, ICohenl l)2004l) suggested that the peculiar abun- 
dance ratios may be evidence that Pal 12 was originally a 
globular cluster belonging to the Sagittarius galaxy. 

Mn and Cu are odd-Z iron-peak elements that show 
subsolar abundance ratios with resp ect to Fe in metal-poor 
field stars. Inspection of Figure 3 in lGratton et alJ l|2004f) 
shows that our mean ratios for NGC 6752 [Mn/Fe]=-0.45 
and [Cu/Fe]=— 0.61 are in very good agreement with other 
globular clusters and field stars at the metallicity of NGC 
6752 [Fe/H]=-1.61. 
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Fig. 8. Same as Figured but for Sc, V, and Ni. 



Fig. 9. Same as Figure[7|but for Y, Ba, and Eu. 



4.3. Neutron-capture elements 

Heavy elements are synthesized via neutron-capture 
through either the s- or the r-process. The latter's site 
is generally identified with Type II supernovae (i.e., the 
death of massive stars), and the former with AGB stars. 
In general, both processes may contribute to the synthe- 
sis of a particular element. Dissection of the solar system 
abu ndances shows that Eu is primarily a r-process prod- 
uct: lBurris et al.l l)2000|) put the r-process fraction at 97%. 
On the other hand, Ba in the solar mix is largely a s- 
process product: 85% due to that process and 15% to the 
r-process. Of the other elements we have measured, Y, Zr, 
La, and Ce approximately follow Ba with s-process contri- 
butions ranging from 72% to 81%. The remaining element 
Nd for the solar mix is roughly equally attributed to both 
processes. There is as yet no firm theoretical guidance on 
how these r- and s-process fractions may vary with metal- 
licity and other variables influencing the chemical evolu- 
tion of a globular cluster. 

In Figure El we plot the mean abundance of [Y/Fe], 
[Ba/Fe], and [Eu/Fe] versus [Fe/H] in globular clusters 
and field stars. The [Eu/Fe] of the field stars rises to 
[Eu/Fe] ~ +0.5 with little star-to-star scatter until [Fe/H] 
~ —2.0. That this behavior mimics that of an a-element 
suggests that Eu and the a-elements have a common ori- 
gin (i.e., Type II supernovae) and that the relative yields 
from stellar nucleosynthesis of a-elements like Mg and Si 
to Eu are insensitive to the initial metallicity of the stars. 
The mean [Eu/Fe] for NGC 6752 is similar to that of field 
stars and other globular clusters of NGC 6752's [Fe/H]. 



For [Y/Fe] and [Ba/Fe], the field stars do not show any ob- 
vious behavior with metallicity. While the scatter is large, 
the globular cluster abundances track the field stars. 

Some halo stars with large enhancements of neutron- 
capture elements show scaled solar r-process abun- 
dance distribution s for Ba and heavier elements (e.g., 
Cowan et all Il99flt IWestin et all l200fi Iffill et all l2002t 
Sneden et aLKOOffl . A few elements permit measurements 
of the isotope ratios. I n a handful of metal-poor stars , 
the isoto pe ratios for Ba llLambert fc Allende Prietol2 002) 
and Eu |Sneden et aT1l2002t lAoki et alJl2003[) are consis- 
tent with a scaled solar pure r-process mix. That some 
metal-poor stars show scaled solar ?*-process abundances 
is evidence that the r-process may be universal, at least 
for heavy elements, Z > 56. That is, whatever mechanism 
is responsible for the synthesis of the r-process elements 
(Ba and heavier elements) in the sun may have operated 
at all metallicities. 

In addition to the u sual dispersion in O, Na, Mg, and 
|< 



Al. lSuedeu et a"fllll997h found star-to-star variations of Ba 
and Eu in the globular cluster M 15 with the mean value 
of [Ba/Fe] and [Eu/F e] agreeing well with other clusters. 
ISneden et al.l l|2004a[) note that while the abundances of 
Ba and E u vary in M 15, for al l stars the ratio [Ba/Eu] is 
constant. ISneden et all l|2000bj) re-observed 3 giants in M 
15 in order to conduct a more detailed abundance analysis 
of heavy elements. They found that the abundance ratios 
for Ba to Dy matched the scaled solar-system r-process 
distribution. This suggests that the evolution of the heavy 
element abundances of M 15 is dominated solely by explo- 
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sive nucleosynthesis in high-mass stars with effectively no 
co ntribution from AGB stars. 

IJames et alJ l|2004al) measured [Ba/Eu]=-0.18 ± 0.11 
in unevolved stars in NGC 6752. This value lies be- 
tween the pure r-process and the solar s + r mix. 
Our [Ba/Eul=-0.3 7 ± 0.16 is slightly lower than the 
IJames et al. (2004a|) value, but within the errors these ra- 
tios are in agreement. Our value of [Ba/Eu] also lies be- 
tween the pure r-process and the solar s+ r mix and agrees 
with f ield stars at the same metallicity. ISimmerer et alJ 
(200^) measured the ratio [La/Eu] in a large sample of 
field stars. [La/Eu] offers an alternative to [Ba/Eu] as 
a measure of the evolution of the s- and r-process. La 
has numerous lines at visible wavelengths and therefore 
provides a more reliable measure of the s-process than 
Ba whose few lines are often saturated. Our value of 
[La/Eu]=-0.23 ± 0.10 in bright giants of NGC 6752 is 
roughly halfway between the pure r-process and the solar 
s + r mix. This value is also i n good agreement with field 
stars at the same metallicity ((Simmerer et al.ll2004fl . The 
s-process is believed to occur in low-mass to intermediate- 
mass AGB stars. The solar s + r mix therefore repre- 
sents a combination of products of Type II supernovae 
and AGB stars. That our measured ratios of [Ba/Eu] 
and [La/Eu] lie between the pure r-process and the so- 
lar s + r mix indicates that the material from which the 
cluster stars formed was enriched by AGB ejecta. While 
these elements may have been synthesized in the clus- 
ter, or proto-cluster, an alternative possibility is that they 
were produced in the halo prior to the formation of the 
cluster. The latter option may explain the similarity in 
[Ba/Eu] and [La/Eu] abundances between field and clus- 
ter stars of the same metallicity. Unlike the heavier el- 
ements, for elements lighter than Ba the abundance ra- 
tios observed in metal-poor stars do not match the pure 
r-process solar mix. In representative field stars, the ra- 
tios [Sr/Ba] and [Y/Ba] show a large dispersion at low 
[Fe/H] despite h aving a constant [B a/Eu] close to the pure 
r-process value l|Mc William! Il998f) . These measurements 
(constant [Ba/Eu] combined with variations in [Sr/Ba] 
and [Y/Ba]) have led to the s uggestion that there are 
multiple sites for the r-process llWasser burg et, al"lll996l 
ISneden et ai1l2000aHQian fc Wasserburdl200lh. Our clus- 
ter value [Y/Ba]=0.03 (a = 0.13) lies well above the pure 
r-process value and is in good agreement with field stars 
at the same metallicity. 

5. Globular cluster chemical evolution 

5.1. Abundance anomalies for light elements 

Having discussed elements heavier than Al, we offer some 
comments relating to the star-to-star abundance varia- 
tion of light elements. At the heart of the proposed evo- 
lutionary scenarios are various mixing mechanisms re- 
quired to transport material from deep layers within the 
star to the outer envelope. These mixing processes can- 
not operate in stars below the RGB bump due to the 



sharp composition discontinuity left by the deepest pen- 
etrat io n of the convective envelo pe ijSweigart fc Mengel 
Il979h . ISweigart Rr. Mengell lll979h also showed that once 
the composition barrier is removed by the outward mov- 
ing H-burning shell, mixing mechanisms can tap deep lay- 
ers where H-burning occurs through the CNO-cycles, and 
possibly the Ne -Na and Mg-Al chai ns. Over a wide range 
of metallicities, IZoccali et alJ l|l999l) have shown that the 
observed luminosity of the RGB bump agrees with the- 
oretical predictions. The crucial discovery of the O-Na 
and Mg-Al anticorrel ation in unevolved stars in NGC 6752 
l)Gratton et alJl200l|) was proof that the abundance vari- 
ations of O, Na, Mg, and Al mus t be primarily due to a 
primordial scenario. Furthermore, iGrundahl et all (j2002) 
measured abundances of O, Na, Mg, Al, and Li in NGC 
6752 giants. They showed that Li is present in stars be- 
low the RGB bump, but absent in stars above the bump. 
That is, mixing in cluster stars cannot occur below the 
bump bu t above the bump Li is destroyed by mixing. 
However, IGrundahl et alJ ( 2002) also demonstrated that 
the anticorrelations between O-Na and Mg-Al are present 
below the bump with no obvious change in amplitude or 
in mean abundance, reinforcing the evidence provided by 
iGratton et"afl l)200l|) that the O, Na, Mg, and Al varia- 
tions must have a primordial origin. Note that an "evolu- 
tionary" component is essential to explain the C, N, and 
Li abundances as well as C isotope ratios that show a 
dependence on evolutionary status. 

5.2. AGB stars 

Based on over abundances of Na and Al in C N strong stars 
of NGC 6752. ICottrell fc Da Costal lll98lft first proposed 
a primordial scenario to explain the abundance variations 
in which intermediate-mass AGB stars pollute the proto- 
cluster gas. The envelopes of metal-poor intermediate- 
mass AGB stars qualitatively have the correct composi- 
tion to produce the observed abundance anomalies. Two 
possibilities exist for the AGB pollution scenario. In the 
first scenario, AGB stars pollute the proto-cluster gas from 
which the present cluster m embers form as suggested by 
ICottrell & Da Costal (|l98lh . In the second scenario, the 
present cluster members accrete material ejected from 
AGB stars. Low-mass main sequence stars have thin con- 
vection zones whereas evolved giants have deep convective 
envelopes. If the abundance anomalies were only present in 
the thin convective zone during the main sequence, they 
would be diluted as the star ascends the giant branch. 
Observation s show that t his do es not occur. While cal- 
culations bv iThoul et alJ l|2002|) have shown that cluster 
"stars can accrete an appreciable fraction of their initial 
mass" , it is perhaps more likely that the stars were born 
with inhomogeneous compositions. 

If the abundance variations are due to differing de- 
grees of pollution of natal clouds from intermediate-mass 
AGB stars, should there be other elements besides O-Al 
that display a star-to-star variation? There are two possi- 
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blc effects that we identify. The first is that H-burning at 
high temperatures in AGB stars will alter the H/He ratio. 
The most obvious direct effect is that the hydrogen abun- 
dance should be lower and hence we would expect a higher 
[Fe/H] in stars with the highest Al abundance. There is an 
additional consequence of differing H/He ratios on the at- 
mosphere. The increase in He and corresponding decrease 
in H lowers the continuous opacity (H~) per gram. For an 
atmosphere with increased He, the appearance of the spec- 
trum would be equivalent to an incre ase in heavy element 
abundances and surface gravity fsee lBohm-Vitenselll979l 
for a detailed discussion). It would be of great interest to 
do a detailed calculation of the expected change in [X/Fe] 
due to differing ratios of H/He. The second effect that we 
may expect is a correlation between s-process elements 
and say Al abundance since s-process elements are synthe- 
sized in AGB stars. However, in metal-poor intermediate- 
mass AGB stars, the O-Al abundances are altered in the 
hot-bottom convective envelope. The s-process elements 
are synthesized in thermal pulses and dredge-up. If this 
is a correct division of responsibility, it is possible that 
the s-process abundances may show little dependence on 
the O-Al abundance variations. However, as far as we 
are aware, theoretical predictions of s-process yields from 
meta l-poor intermediate-ma ss (M> 3M Q ) AGB stars are 
rare. iTravaglio et alJ l)2004h carried out calculations for 
a range of masses and metallicities but did not publish 
yields for each model. 



5.3. Quantitative problems with the AGB pollution 
scenario 

While the AGB pollution scenario may offer an appeal- 
ing qualitative explanation for the observed abundance 
anomalies, a more quantitative consideration reveal s a 
number of serious problems (see lLattanzio et al.lEo04l for 
a review). The AGB models predict much higher ra- 
tios of 25 Mg/ 24 Mg and 26 Mg / 24 Mg when O is depleted 
ijDenissenkov fe Herwidl2003(l . AGB models also cannot 
produce the observed pattern of lo w C and O abundances 
along with high N abundances I Denissenkov fc Weissl 
l2004|i . A chemical evolution model of NGC 6752 con- 
structed bv lFenner et alJ l)2004|) incorporating recent AGB 
yields reproduced the Na and Al dispersion. However O 
was not sufficiently depleted, Mg was produced rather 
than destroyed, C+N+O was not constant, an d 25 Mg 
should be correlated with 26 Mg. iFenner et al.l l2f 



note that all of these problems arise from the addi- 
tion of He-burning products into the AGB ejecta and 
that a generation of AGB stars that experience hot- 
bottom burning but no dredge-up of He-burning prod- 
ucts might provide a better match to the observations. 
We caution that globular cluster chemical evolution mod- 
elling is in a developing phase and that the AGB yields 
are cr itically dependent o n the treatment of convection. 
While Fenncr et al. (2004) found that Mg increases with 



Al, iDenissenkov fc Weissl Ij2004|) discuss 24 Mg destruc- 



tion with increasing Al. However, the current theoreti- 
cal yields and chemical evolution models do not favor the 
AGB pollution scenario (with intermediate-mass AGBs) 
as the mechanism responsible for the star-to-star abun- 
dance variations in globular clusters. 

An alternative pollut i on sc enario has been proposed 
bv IDenissenkov fc Weissl {2004). In this case, the star-to- 
star variations may result from mass transfer in binaries 
in which the more massive star (now a white dwarf) was 
an RGB and/or AGB star slightly more massive than the 
present main sequence turn-off cluster stars. To explain 
the abundance variations, these RGB/ AGB stars must 
have experienced extra mixing during the course of their 
evolution. That the O-Na and Mg-Al anticorrelations are 
not seen in field stars would imply a fundamental differ- 
ence between field and globular cluster stars. 

5.4. Additional evidence to probe the origin of the 
abundance anomalies: heavy element variations 

A major goal of our present study is to search for heavy el- 
ement variations. Our very accurate abundance ratios can 
be used to search for correlations between heavy elements 
and Al. This will provide additional clues to the origin 
of the abundance variations. That the observed scatter is 
well matched to the predicted scatter is no guarantee that 
the abundances for Si and heavier elements are constant. 
For example, the observed and predicted dispersions for 
Mg are in agreement but Mg and Al are anticorrelated 
and therefore Mg shows a small star-to-star variation. Do 
any other elements show correlations with Al? 

In Figure ITU1 we plot [Fe/H], [Si/Fe], and s-process el- 
ements (Y, Zr, Ba, La, and Ce) versus [Al/Fe]. Different 
symbols are used for the bump and tip stars which 
may help reveal whether correlations are real or merely 
artefacts of T e g effects. There is a hint that the iron 
abundance [Fe/H] may increase with increasing [Al/Fe]. 
If verified through a more careful differential analy- 
sis, this may indicate that the He abundance increases 
with increasing [Al/Fe] as expected if the abundance 
anomalies are produced via H-burning at high temper- 
atures. We find a statistically significant correlation be- 
tween [Si/Fe] and [Al/Fe]. Such a trend would arise 
if the reaction 27 Al(p,7) 28 Si takes place rather than 
27 Al(p,a) 24 Mg within the Mg-Al chain. Hot-bottom burn- 
ing in intermediate-mass AGB stars can produce 28 Si from 
proton capt ure on 27 A1, th ough the Si yields are expected 
to be small ()Karakasl2003j) . While the small Si excess may 
be due to production of 29 Si and 30 Si via neutron capture 
in the He shell of AGB stars, the total Si abundance would 
not change unless some leakage from the Mg-Al cycle into 
28 Si takes place. A statistically significant slope is also 
evident between [Y/Fe] and [Al/Fe]. For Zr, the bump 
stars show a clear correlation between [Zr/Fe] and [Al/Fe] 
where the Zr abundances are derived from the 5112A Zrii 
line. The Zr abundances for the tip stars come from both 
Zr I and Zr n lines. If we consider only abundances from 
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Fig. 10. Abundance ratios [Fe/H], [Si/Fe], and [X/Fe] (for 
s-process elements Y, Zr, Ba, La, and Ce) versus [Al/Fe]. 
Crosses represent the bump stars and filled circles repre- 
sent the tip stars. The error bar shows the ±l-er predicted 
error from Tabled The dotted line is the mean abundance 
and the solid line is the linear least squares fit to the data 
(slope and associated error are included). Star NGC6752-7 
has been omitted due to its deviating [Fe/H]. 



Zrii lines, the slope (0.12) and error (0.04) for the linear 
least squares fit between [Zr/Fe] and [Al/Fe] is more sig- 
nificant. [Ba/Fe] is also correlated with [Al/Fe], the third 
s-process element that shows evidence for a variation with 
[Al/Fe]. On the other hand, the Eu abundance [Eu/Fe] ap- 
pears uniform across the sample. There is no correlation 
between Eu and Al abundances across the more than 1 dex 
spread in the Al abundance, suggesting that the source of 
the Al (and O, Na, and Mg) abundance variations is not 
producing Eu. 

Perhaps the most direct and accurate indicator of a 
dispersion in heavy element abundances will be provided 
by relative abundance ratios between heavy elements. In 
Figured] we plot [Y/Eu], [Zr/Eu], [Ba/Eu], and [Ce/Eu] 
versus [Al/Fe]. In particular, abundances for Y, Zr, Ce, 
and Eu come from relatively unsaturated lines of ions in all 
cases. Again, we find correlations between heavy element 
abundance ratios and [Al/Fe]. 
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Fig. 11. Same as Figure ITUI except for abundance ratios 
[Y/Eu], [Zr/Eu], [Ba/Eu], and [Ce/Eu] versus [Al/Fe]. 
Here we use only the abundances from Zrii lines. 



While the correlations between [X/Fe] and [Al/Fe] as 
well as [X/Eu] and [Al/Fe] are statistically significant, we 
note that the amplitudes of the abundance variations are 
small. The 1.3 dex increase in [Al/Fe] is accompanied by 
roughly 0.1 dex increases in [X/Fe]. As a comparison, for 
[Mg/Fe] versus [Al/Fe] the formal slope is 0.13 with an 
uncertainty of 0.01. It is possible that errors in the stellar 
parameters are producing the correlations. However, our 
linear least squares fits take into account the uncertain- 
ties due to errors in the stellar parameters. Since [Al/Fe] 
and [Na/Fe] span more than 1 dex and the Al-rich/poor 
stars are not correlated with T e g, it will be difficult for 
atmospheric parameter errors to produce a slope between 
heavy elements and Al. 

For the first time, we provide evidence that the s- 
process elements Y, Zr, and Ba are correlated with Al 
and may therefore exhibit a small star-to-star variation. 
I.Tames et al.l l|2004a|) did not find correlations between Sr, 
Y, Ba, or Eu and Al in unevolved stars though their spec- 
tra were taken with a lower resolving power and S/N. 
Our results suggest that the stars in which the abundance 
anomalies were produced also synthesized s-process ele- 
ments to a small degree. While AGB stars may be the most 
promising candidates for explaining correlations between 
say Y and Al, recent AGB yields and chemical evolution 
models show that intermediate-mass AGB stars cannot 
explain the light element abundance variations. If the vari- 
ations in Y, Zr, and Ba are real, then the star-to-star dis- 
persion for O-Al abundances may be due to differing de- 
grees of pollution from stars that also ran the s-process: 
perhaps an unknown class of AGB stars. 

The lack of significant correlations between the other 
s-process elements (La and Ce) and [Al/Fe] may be due to 
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measurement uncertainties, though both La and Ce have 
smaller predicted and observed dispersions than Zr and 
Ba. On the other hand, the lack of trends between La and 
Al or Ce and Al might be a real effect that can be used 
to probe the stars in which the Al anomalies were synthe- 
sized (presumably the same stars are also responsible for 
producing the C, N, O, Na, and Mg variations). 

6. Summary and concluding remarks 

Globular clusters are the oldest Galactic objects and are 
considered by some to be the basic building blocks of 
galaxies. Yet, our understanding of their chemical evolu- 
tion is incomplete. Here we present elemental abundance 
ratios [X/Fe] for 20 elements in 38 bright giants in the 
globular cluster NGC 6752 to study the chemical evolution 
of this cluster. Our sample size and number of elements 
considered makes this study the most comprehensive spec- 
troscopic abundance analysis of NGC 6752 to date. None 
of the abundance ratios [X/Fe] show a trend with T e g, 
that is, evolutionary status. We estimated the predicted 
scatter due to uncertainties in the adopted stellar param- 
eters (effective temperature, surface gravity, and micro- 
turbulence). For all elements heavier than Al, the small 
observed scatter is well matched by the predicted scat- 
ter. The mean abundance ratios [X/Fe] for elements heav- 
ier than Al are in good agreement with previous studies 
of bright giants and unevolved stars in this cluster. The 
mean [X/Fe] for this cluster are also consistent with other 
globular clusters as well as field stars at the same metal- 
licity. For elements heavier than Al, the nucleosynthetic 
processes responsible for the evolution of the elements in 
field stars must also drive the proto-globular cluster gas 
to its present metallicity. 

The abundance ratio [Ba/Eu]=— 0.37 ± 0.16 agrees 
with previous studies and lies midway between the 
pure r-process value and the solar (s-process + r- 
process) mix. Similarly, our measured abundance ratio 
[La/Eu]=— 0.23 ± 0.10 (which takes advantage of recently 
updated transition probabilities) lies midway between the 
pure r-process and the solar s + r mix and agrees wit h 
field stars at the same metallicity l)Simmerer et alJl2004lh 
This demonstrates that AGB stars played a role in the 
chemical evolution of the proto-cluster gas. 

Mg is an example where the observed and predicted 
dispersion are in good agreement, but an anticorrelation 
with Al indicates a star-to-star variation for Mg. We com- 
pared abundance ratios with [Al/Fe] to search for cor- 
relations which would reveal small abundance variations. 
There was a hint of a trend between [Fe/H] and [Al/Fe]. If 
confirmed from future analyses, this would suggest differ- 
ing H/He ratios as expected if the abundance anomalies 
are produced from H-burning at high temperatures. We 
found a correlation between [Si/Fe] and [Al/Fe] which can 
be explained if the reaction 27 Al(p,7) 28 Si is favored over 
27 Al(p,a) 24 Mg at the end of the Mg-Al chain. Hot-bottom 
burning in intermediate-mass AGB stars is expected to 
produce small amounts of Si. Most importantly, we found 



correlations between [Y/Fe] and [Al/Fe], [Zr/Fe] and 
[Al/Fe], as well as [Ba/Fe] and [Al/Fe]. These correlations 
offer the first evidence for variations in s-process elements 
for NGC 6752. That these elements are correlated with 
[Al/Fe] suggests that the stars responsible for the syn- 
thesis of the Al variations (and presumably all abundance 
anomalies) also synthesized s-process elements. The stellar 
origins of the light and heavy element abundance varia- 
tions remain uncertain. Intermediate-mass AGB stars re- 
main a viable candidate as long as theoretical models con- 
tain major uncertainties (e.g., the treatment of convec- 
tion) and published models differ over the c omposition of 
the electa (e.g., is Mg enrich ed or depleted? [Fenner et alJ 
EooilDenissenkov fc WeisjEooljh 

Despite measuring the abundances of 20 elements in 
NGC 6752, there are at least two more elements we wish 
to measure which will provide strong constraints on the 
possible role of AGB stars in the chemical evolution of 
this cluster. Rb and Pb are of particular interest and have 
not yet been measured in NGC 6752 nor in any other 
globular cluster. Measurements of Rb will provide further 
observational constraints on the AGB pollution scenario 
since the ratio Rb/Zr is sensitive to the neutron density 
and therefore mass of the AGB star llLambert et al.lll995t 
Tomkin fc Lambert! 1 19991: iBusso. Gallino. fc Wasserburd 
1999HAbia et alJl200lh . Intermediate-mass AGB stars are 
predicted to have high neutron densities and so we would 
expect Rb to be overabundant with respect to Y or Zr if 
such stars have contributed to the evolution of the cluster. 
Since Pb an d Bi are the main p roducts of very metal-poor 
AGB stars llBusso et al.lll999 j), we may expect consider- 
able Pb enhancements. These measurements will provide 
further insight into the chemical evolution of this globular 
cluster. 
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Table 2. Atomic line list Table 2. Atomic line list 



Species 


Wavelength (A) 


EP (eV) 


log gf 


Ref. a 


Species 


Wavelength (A) 


EP (eV) 


log gf 


Ref. a 


Si I 


5645.61 


4.93 


-2.14 


RC02 


Til 


5903.32 


1.07 


-2.14 


RC02 


Si I 


5665.55 


4.92 


-2.04 


RC02 


Til 


5922.11 


1.05 


-1.47 


IK01 


Si I 


5690.43 


4.93 


-1.87 


RC02 


Til 


5937.81 


1.07 


-1.89 


RC02 


Si i 


5701.11 


4.93 


-2.05 


RC02 


Til 


5941.75 


1.05 


-1.52 


RC02 


Si i 


5948.55 


5.08 


-1.23 


RC02 


Til 


5953.16 


1.89 


-0.33 


RC02 


Si i 


6142.49 


5.62 


-1.48 


IK01 


Til 


5965.83 


1.88 


-0.41 


IK01 


Si i 


6145.02 


5.61 


-1.44 


RC02 


Til 


5978.54 


1.87 


-0.50 


IK01 


Si i 


6155.13 


5.62 


-0.76 


RC02 


Til 


5999.68 


2.17 


-0.73 


RC02 


Si i 


6243.82 


5.61 


-1.27 


IK01 


Til 


6091.17 


2.27 


-0.42 


RC02 


Si i 


6244.48 


5.61 


-1.27 


IK01 


Til 


6092.80 


1.89 


-1.38 


RC02 


Si i 


6721.84 


5.86 


-0.94 


RC02 


Til 


6126.22 


1.07 


-1.42 


IK01 












Til 


6146.22 


1.87 


-1.47 


RC02 


Cai 


5260.39 


2.52 


-1.72 


LUCK 


Til 


6186.15 


2.17 


-1.15 


RC02 


Cai 


5261.71 


2.52 


-0.58 


LUCK 


Til 


6258.10 


1.44 


-0.36 


RC02 


Cai 


5512.99 


2.93 


-0.45 


LUCK 


Til 


6258.71 


1.46 


-0.24 


RC02 


Cai 


5581.98 


2.52 


-0.56 


LUCK 


Til 


6261.10 


1.43 


-0.48 


RC02 


Cai 


5588.76 


2.52 


0.36 


LUCK 


Til 


6303.76 


1.44 


-1.57 


IK01 


Cai 


5590.13 


2.52 


-0.57 


LUCK 


Til 


6312.24 


1.46 


-1.55 


IK01 


Cai 


5601.29 


2.52 


-0.52 


LUCK 


Til 


6497.69 


1.44 


-1.93 


RC02 


Cai 


5857.46 


2.93 


0.23 


RC02 


Til 


6508.14 


1.43 


-1.98 


RC02 


Cai 


6102.73 


1.88 


-0.79 


LUCK 


Til 


6554.22 


1.44 


-1.22 


RC02 


Cai 


6122.23 


1.89 


-0.32 


LUCK 


Til 


6716.68 


2.49 


-1.04 


RC02 


Cai 


6161.29 


2.52 


-1.27 


IK01 


Til 


6743.12 


0.90 


-1.63 


RC02 


Cai 


6162.18 


1.90 


-0.09 


RC02 












Cai 


6166.44 


2.52 


-1.14 


R03 


Till 


5154.08 


1.57 


-1.92 


KB95 


Cai 


6169.04 


2.52 


-0.80 


R03 


Till 


5185.91 


1.89 


-1.35 


KB95 


Cai 


6169.56 


2.52 


-0.48 


IK01 


Tin 


5336.79 


1.58 


-1.69 


KB95 


Cai 


6439.08 


2.52 


0.39 


LUCK 


Tin 


5381.03 


1.59 


-2.08 


KB95 


Cai 


6455.60 


2.52 


-1.29 


IK01 












Cai 


6471.67 


2.52 


-0.69 


IK01 


Vi 


5727.06 


1.08 


-0.01 


R03 


Cai 


6493.79 


2.52 


-0.11 


LUCK 


Vi 


6090.22 


1.08 


-0.06 


R03 


Cai 


6499.65 


2.52 


-0.82 


IK01 


Vi 


6216.36 


0.28 


-1.29 


PNOO 












Vi 


6251.82 


0.29 


-1.34 


PNOO 


Sen 


5526.82 


1.77 


0.13 


PN00 


Vi 


6274.64 


0.27 


-1.67 


PNOO 


Sen 


5657.88 


1.51 


-0.50 


PNOO 


Vi 


6504.16 


1.18 


-1.23 


PNOO 


Sen 


5667.15 


1.50 


-1.24 


PNOO 












Sen 


5669.04 


1.50 


-1.12 


PNOO 


Mm 


5537.74 


2.19 


-2.02 


PNOO 


Sen 


6245.61 


1.51 


-0.98 


PNOO 


Mm 


6013.53 


3.07 


-0.25 


PNOO 


Sen 


6604.60 


1.36 


-1.48 


PNOO 


Mm 


6016.67 


3.08 


-0.22 


PNOO 












Mm 


6021.80 


3.07 


0.03 


PNOO 


Til 


5173.75 


0.00 


-1.12 


KB95 












Til 


5192.98 


0.02 


-1.01 


KB95 


Co i 


5342.71 


4.02 


0.54 


PNOO 


Til 


5210.39 


0.05 


-0.88 


KB95 


Co i 


5352.05 


3.58 


0.06 


PNOO 


Til 


5648.57 


2.49 


-0.25 


RC02 


Co i 


5530.79 


1.71 


-2.06 


PNOO 


Til 


5662.16 


2.32 


-0.11 


RC02 


Co i 


6455.03 


3.63 


-0.25 


PNOO 


Til 


5679.94 


2.47 


-0.58 


RC02 


Co i 


6632.45 


2.28 


-2.00 


PNOO 


Til 


5689.49 


2.30 


-0.47 


RC02 












Til 


5702.69 


2.29 


-0.57 


RC02 


Nil 


5578.73 


1.68 


-2.64 


KB95 


Til 


5713.92 


2.29 


-0.84 


RC02 


Nil 


5682.20 


4.10 


-0.47 


RC02 


Til 


5716.46 


2.30 


-0.70 


RC02 


Nil 


5748.35 


1.68 


-3.26 


RC02 


Til 


5720.48 


2.29 


-0.90 


RC02 


Nil 


5892.88 


1.99 


-2.34 


RC02 


Til 


5739.46 


2.25 


-0.60 


RC02 


Nil 


6007.31 


1.68 


-3.34 


RC02 


Til 


5739.98 


2.24 


-0.67 


RC02 


Nil 


6086.28 


4.26 


-0.52 


RC02 


Til 


5766.33 


3.29 


0.36 


RC02 


Nil 


6108.12 


1.68 


-2.45 


KB95 


Til 


5866.46 


1.07 


-0.84 


RC02 


Nil 


6175.37 


4.09 


-0.53 


RC02 


Til 


5880.27 


1.05 


-2.05 


RC02 


Nil 


6176.82 


4.09 


-0.53 


RC02 
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Table 2. Atomic line list 



Species 


Wavelength (A) 


EP (eV) 


log gf 


Ref. a 


Nil 


6177.25 


1.83 


-3.50 


RC02 


Nil 


6186.71 


4.10 


-0.97 


RC02 


Nil 


6204.60 


4.09 


-1.14 


RC02 


Nil 


6223.99 


4.10 


-0.99 


IK01 


Nil 


6322.17 


4.15 


-1.17 


RC02 


Nil 


6360.82 


4.17 


— 1.15 


RC02 


Nil 


6370.35 


3.54 


-1.94 


RC02 


Nil 


6378.26 


4.15 


—0.89 


RC02 


Nil 


6598.60 


4.23 


-0.98 


RC02 


Nil 


6635.12 


4.42 


-0.83 


RC02 


Nil 


6643.64 


1.68 


-2.30 


RC02 


Cu i 


5105.54 


1.39 


— 1.52 


SS03 


Yn 


5123.22 


0.99 


-0.83 


PN00 


Yn 


5200.42 


0.99 


-0.57 


PN00 


Yn 


5509.91 


0.99 


— 1.01 


KB95 


Yn 


5544.61 


1.74 


-1.08 


RC02 


Zn 


6127.44 


0.15 


-1.06 


RC02 


Zn 


6134.55 


0.00 


-1.28 


RC02 


Zn 


6143.20 


0.07 


-1.10 


RC02 


Zrn 


5112.27 


1.67 


-0.59 


KB95 


Ball 


5853.64 


0.60 


—1.01 


PN00 


Ban 


6141.73 


0.70 


-0.08 


PN00 


Ban 


6496.91 


0.60 


-0.38 


PNOO 


La II 


5303.53 


0.32 


-1.35 


LB01 


La II 


6390.49 


0.30 


— 1.41 


LB01 


Ceil 


4943.45 


1.20 


-0.11 


LUCK 


Ceil 


5274.24 


1.04 


-0.32 


LUCK 


Ceil 


5472.30 


1.24 


-0.18 


LUCK 


Ceil 


5512.06 


1.00 


0.29 


LUCK 


Ndn 


4959.12 


0.06 


-0.80 


DL03 


Ndn 


5092.79 


0.38 


-0.61 


DL03 


Ndn 


5212.36 


0.20 


—0.96 


DL03 


Ndn 


5234.19 


0.55 


-0.51 


DL03 


Ndn 


5249.58 


0.98 


0.20 


DL03 


Ndn 


5255.51 


0.20 


-0.67 


DL03 


Ndn 


5293.16 


0.82 


0.10 


DL03 


Ndn 


5319.81 


0.55 


-0.14 


DL03 


Eun 


6645.13 


1.37 


0.20 


LW01 



a Refe rences for the gf values 
DL03 -iDen Hartog et al l fe003l) 
IK01 - llvans et al l fcOOlft 
KB95 - iKurucz fc Belli jl995h 
LW01 -lLawler et all fcOOlbh 
LB01 - lLawler etlalTfeOOlal) 
LUCK - Luck (2003, private co mmunication) 
PNOO -[ Prochaska et all feOOd) 
RC02 -iRamfrez fc Cohenl (12002^ 
SS03 - ISimmerer et alJ J2003D ~ 



